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Abstract: We study the entanglements among three quadrature fields of electromagnetic waves, 
where two of them interacting through an electromagnetically induced transparency (EIT) medium 
while two of them generated by a two-mode squeezed state. We show the conditions to preserve 
non-separation criteria within the range of suitable parameters. The results in this work provide a 
starting point to establish quantum devices of lights.  
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Electromagnetically induced transparency (EIT) media, through quantum interferences between two input fields and 
three level atoms, have received much attention because of the potential applications in quantum information 
processing and transmission [1]. Many interesting properties and applications based on EIT media are predicted, 
such as slow light propagation, lasers without inversion, and enhanced Kerr nonlinearity. In recent years, light 
storage and retrieval in EIT systems are not demonstrated for classical light pulses, but also for a single photon 
source and non-classical squeezed vacuum states. 
 Along this direction, a natural question to ask is whether an EIT medium preserves entanglement properties of 
storage and retrieved optical pulses. In this work, we study the quantum property in an EIT system by investigating 
the entanglements among three quadrature radiation fields, where two of them interacting through an EIT medium 
while two of them generated by two-mode squeezed states. By using perturbation method, we solve the set of 
Heisenberg-Langevin equations for interacting atoms and fields. Within the range of suitable parameters, we show 
the conditions to preserve non-separation criteria as well as to establish entanglement between two input fields 
which are mutually non-correlated in the beginning. The system we consider is shown in Fig. 1, where two input 
fields δY1 and δY2 interact within an EIT medium, while the third one δW passes through the free space. δY1, δY2 
and δW are the quadrature components of fluctuation fields. In the beginning a two-mode squeezer is used to 
generate an EPR source for δY2 and δW, which satisfies the non-separation criteria. And δY1 and δY2 are mutually 
non-correlated. Followed by the work in Ref. [2], the output fluctuation field operators for two inputs can be 
represented by, 
( ) ( ) ( ) ( ) ( ) ( )', , 0, , 0,j j j j j ja L G L a H L a f L,δ ω ω δ ω ω δ ω= + + ω              (1) 
where 'j j≠ ,  and  for δY1 and δY2. , ' 1, 2j j = 1(2)j = ( , )jG L ω and ( , )jH L ω are the functions of the 
length of an EIT medium, and the detuning frequency of the input field, respectively.  
        The EPR pair is produced from the two-mode squeezed state, with the field operators a and b, i.e. 
( ) ( ) ( ) ( ) ( )*expS a b a bξ ξ ω ω ξ ω ω+ +⎡ ⎤= −⎣ ⎦ , 
 
Fig. 1: Two input fields δY1 and δY2 interact within an EIT medium, while the third one δW passes through the free space. In the beginning a 
two-mode squeezer is used to generate an EPR source forδY2 and δW. 
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where ire δξ =  is the squeezing parameter. Then we define the quadrature of fluctuation fields for the EPR pair 
and the other input field as 
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To determine the entanglement properties, we calculate the mutual correlations among the three output fields and 
apply Duan’s inseparability criteria [3] that define  
( , , , ) ( , , , ) ( / 2, / 2, , ) 1I L E L E Lθ φ ω δ θ φ ω δ θ π φ π ω= + − < , (4) 
where ( ) ( ) ( ), , , , , , , , ,E L D L D Lδ θ φ ω δ θ φ ω δ θ φ ω= −  and ( ) ( ) ( ), , , , ,D L A L B Lθ φδ ω θ φ δ ω δ ω= −  
with  ( ,A L )ω  and ( ,B L )ω  are two general output quadrature fields of the system. 
 The conditions for preserving entanglement among the three quadrature fields are shown in Fig. 2(a) for δY1 
and δW; (b) for δY2 and δW; and (c) for δY1 and δY2 at different frequency detuning and different propagation 
length of EIT media, with an initial squeezing ratio 0.7r = used. The color bar shows the value of the mutual 
correlation function Ι, defined in Eq. (4), which is smaller than 1 for inseparability.  The overlapping region of the 
three output quadrature fields are also shown in Fig.2(d) to indicate the condition for the generation of tri-parties 
entanglement. In short, we show the operation conditions to preserve non-separation criteria when an entangled light 
source passing through EIT media. 
(a) (b)  
(c) (d)  
Fig. 2: The quantum entanglement among the three quadrature fields are shown in (a) for δY1 and δW; (b) for δY2 and δW; and (c) for δY1 and 
δY2 at different frequency detuning and different propagation length of EIT media, with an initial squeezing ratio used. The color bar 
shows the value of the mutual correlation function, I, defined in Eq. (4). 
0.7r =
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